Abstract. We present a compilation of 117 time series δ 13 C records from Cibicides wuellerstorfi spanning the last deglaciation (20-6 kyr) and well-suited for reconstructing large-scale carbon cycle changes, especially for comparison with isotope-enabled carbon cycle models. The age models for the δ 
evaluated using deglacial simulations of biogeophysical and land carbon changes from the HadCM3 General Circulation Model (GCM). The model simulated a rapid increase in terrestrial carbon storage from 20-14 ka, different responses between 14-11 ka depending on the model scenario, and then steady, gradual change from 11-4 ka (Davies-Barnard et al., 2017) .
Estimates of global mean benthic δ 13 C are also used to remove global changes from individual δ 13 C records in order to identify patterns of local or regional change, e.g., related to ocean circulation. Because estimates of global mean δ C change (Shackleton et al., 1983; Curry and Oppo, 1997; Lisiecki et al., 2008) . Given the large volume and carbon storage capacity of the deep Pacific, its δ 13 C change should be similar in magnitude and timing to the mean ocean δ 13 C change; however, no study has yet confirmed this relationship. For example, low sedimentation rates and poor carbonate preservation in the deep Pacific may limit how well deep Pacific δ physical, chemical, and biological processes. The air-sea gas exchange of CO 2 between the atmosphere and surface ocean generates a temperature-dependent fractionation (Lynch-Stieglitz et al., 1995) . Biological productivity in the surface ocean preferentially incorporates 12 C into organic molecules, leaving The less well-sampled Pacific and Indian Oceans also show signs of enhanced stratification at the LGM based on stronger vertical δ 13 C gradients and other nutrient and ventilation proxies (e.g., Kallel et al. (1988) ; Matsumoto and Lynch-Stieglitz Menviel et al. (2017) ). The large vertical δ 13 C gradient at the LGM could indicate a strong biological pump and/or weak vertical mixing, either of which would increase deep ocean carbon storage. Although studies do not agree about the relative importance of different mechanisms in creating this vertical gradient, the consensus is that the enhanced vertical δ 13 C gradient at the LGM is consistent with greater deep ocean carbon storage and that this carbon was transferred to the atmosphere and terrestrial biosphere during the glacial termination.
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On orbital timescales, changes in the intermediate-to-deep vertical δ 13 C gradient closely match atmospheric CO 2 , with weaker vertical δ 13 C gradients corresponding to higher CO 2 levels (Oppo and Fairbanks, 1990; Flower et al., 2000; Hodell et al., 2003; Köhler et al., 2010; Lisiecki, 2010) . This relationship supports the assertion that many of the processes affecting CO 2 also alter the vertical δ 13 C gradient. Model simulations suggest that multiple processes contribute to deglacial pCO 2 rise (Bauska et al., 2016) , including ocean temperature increase, enhanced Southern Ocean mixing rates (and the role of sea 20 ice) (e.g., Franois et al. (1997); Crosta and Shemesh (2002); Gildor et al. (2002); Hodell et al. (2003) ; Paillard and Parrenin (2004) ), decreased alkalinity and carbon inventories (Yu et al., 2014; Kerr et al., 2017) , reduced biological pump (Buchanan et al., 2016) , enhanced global ocean circulation (Buchanan et al., 2016) , and coral reef growth (e.g., Vecsei and Berger (2004) ).
Here we evaluate the relationship between atmospheric CO 2 and vertical δ 13 C change at millennial resolution across the deglaciation. It is beyond the scope of this study to evaluate how much of the change in CO 2 and the vertical δ
13
C gradient 25 at the LGM is associated with specific processes, such as changes in the biological pump (Archer et al., 2003; Köhler et al., 2005; Brovkin et al., 2007; Galbraith and Jaccard, 2015) , deep water formation (McManus et al., 2004; Curry and Oppo, 2005) and/or Southern Ocean stratification (Lund et al., 2011b; Burke and Robinson, 2012) .
Data
This study presents a compilation of 117 previously published benthic δ Table A1 ). Each record in the compilation spans the time range ka. Analysis does not extend after 6 ka because cores from several data-sparse regions were either too low-resolution or missing sediment from 6-0 ka. We only include δ
13
C records with mean sample spacing better than 3 kyr (87% have a mean sample spacing of less than 2 kyr). We excluded any records with sample gaps of 4 kyr or larger and excluded any cores affected by the phytodetritus effect ("Mackensen effect") as assessed by the original authors and the criteria from Peterson et al. (2014) . We included one C. kullenbergi record from the deep South Atlantic (MD07-3076Q) (Waelbroeck et al., 2011) which may record a more negative δ
C value than C. wuellerstorfi at the LGM (Gottschalk et al., 2016) . Additionally, we use some cores with samples labeled "C. spp" that may include some C. kullenbergi (Table A1) . 
Stacking
Age models for cores were developed by aligning the benthic δ
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O records to the regional stacks of Stern and Lisiecki (2014) , which have age models based on planktic foraminiferal 14 C ages. Because age model uncertainties are approximately 1-2 kyrs (Stern and Lisiecki, 2014) , and some of the δ (Table 1 ) and averaged the regional stacks using volume weighting as a percent of total volume (using a depth range of 0.5-5 km). Thus, we represent regions proportional to their volume rather than over-representing well- Figure   A1 , Table A2 ). Additionally, we construct a vertical δ We estimate stack uncertainty using Monte Carlo simulations that account for the effects of measurement uncertainty and intra-region δ
13
C variability. Specifically, we generate 95% confidence intervals for the stacks using 10,000 bootstrapped iter-10 ations that randomly resample δ 13 C records from each region. During the resampling process, we also simulate measurement uncertainty in each record by adding Gaussian white noise with a standard deviation of 0.15‰ (Gebbie et al., 2015) . Differences in the benthic δ
C stack between different Monte Carlo simulations, each with 10,000 iterations, is on the order of 0.02‰ at the LGM (20-19 ka) and even smaller for the Holocene (6 ka). It is beyond the scope of the current study to quantify uncertainty associated with portions of the ocean for which there is no available data. 
Comparison to CO 2
To compare the δ 13 C data to atmospheric CO 2 changes from 20-6 ka, we spliced together the atmospheric CO 2 records of Marcott et al. (2014) and Monnin et al. (2004) . No correction was necessary to splice these records at 8.9860 ka because the Additionally, we examine the potential for differences in the timing of CO 2 and δ
13
C change that could be caused by lags in the climate system or age model uncertainty. We calculate correlation coefficients for different potential lags by interpolating the spliced CO 2 record with different time offsets, using lags that range from +1000 yr to -1000 yr in increments of 100 yr.
For example, a 100-yr lag in CO 2 relative to the vertical δ 13 C gradient would be represented by comparing δ 13 C values at 6, 25 7, ... 20 ka with CO 2 values at 5.9, 6.9, ..., and 19.9 ka. Conversely, a CO 2 lead of 100 yr would be suggested if the correlation between the two is maximized for CO 2 values at 6.1, 7.1, ..., 20.1 ka.
Testing the significance of correlations between δ 13 C and CO 2 is complicated by the fact that both time series are autocorrelated, i.e., each data point is highly correlated with the value immediately before or after. To reduce the impact of autocorrelation, we pre-whiten the data by taking the difference between successive 1-kyr samples before calculating the linear 
Results

Comparison to LGM and Holocene reconstructions
Although our time series compilation has fewer core sites than some previous studies of LGM δ C records. However, our compilation lacks Indo-Pacific sites deeper than 3.5 km.
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At 6 ka the δ 13 C values in this compilation generally resemble the Holocene compilation of Peterson et al. (2014) . Minor differences could result from Peterson et al. (2014) using Holocene data from 6-0 ka and including more North Pacific sites and more sites from 0.5-1.5 km depth.
Regional stacks
We create nine regional δ 13 C stacks from 20-6 ka ( Figure 3 , Table 1 ). Six of the regional δ (Peterson et al., 2014) . Recall that the mean The long-standing explanation for mean benthic δ 13 C change across the deglaciation is an increase in the size of the terrestrial biosphere (Shackleton, 1977; Curry et al., 1988; Duplessy et al., 1988) . Here we compare the timing of changes in our global mean δ 13 C stack (i.e., a monotonic increase from 19-6 ka, Figure 4B ) with model simulations and other terrestrial biosphere C change occurs between 19-11 ka while the remaining 33% of δ 13 C change occurs from 11-6 ka.
Simulations from HadCM3 estimated that 45-70% of terrestrial biosphere expansion occurred between 18-14 ka (DaviesBarnard et al., 2017) . Dramatically different trends were observed from 14-6 ka in simulations with different assumptions about carbon storage under glacial ice sheets and on continental shelves. The simulation that most closely resembles our global mean δ 13 C stack is the simulation that releases carbon from under ice sheets to the atmosphere and does not accumulate carbon on 30 exposed continental shelves ( Figure 5 ). This simulation is also the only one which agrees with terrestrial carbon storage change estimates of 440 PgC based on whole-ocean mean δ 13 C change (e.g., Peterson et al., 2014) Climate model simulations of the Holocene using a global pollen synthesis, the biomization method, and vegetation models (HadCM3, FAMOUS, and BIOME4) suggest that the global average area for most carbon-rich megabiomes (i.e., excluding grasslands and dry shrubland) increased from 10-2 ka and net primary productivity increased from 8-2 ka (Hoogakker et al., 2016) . This is consistent with our observation that the global mean benthic δ 13 C trend continued until at least 6 ka. Dramatic land use changes from agricultural practices, another potential mechanism for terrestrial carbon change, did not begin until 4.5 ka approximately coincides with rapidly increasing atmospheric CO 2 from 13-11.5 ka and a decrease of 0.1‰ in the δ 13 C of atmospheric CO 2 .
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From 11 to 6 ka, atmospheric CO 2 remains nearly constant with a small (approximately 10 ppm) decrease from 11-8 ka. The vertical δ 13 C gradients are also relatively steady from 11-6 ka, with a slight increase in both gradients from 9-8 ka. The small decrease in atmospheric CO 2 beginning at 11 ka (Marcott et al., 2014) has been variously attributed to growth of the terrestrial biosphere, sea level rise, and an increase in gas exchange through reduced sea ice cover (Kaplan et al., 2002; Joos et al., 2004; Köhler and Fischer, 2004; Köhler et al., 2005 Köhler et al., , 2010 .
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Although CO 2 correlates strongly with both ∆δ Because our comparison of the vertical δ 13 C gradient and CO 2 could be affected by differences in timing caused by carbon cycle processes or age model uncertainty, we additionally investigate whether the correlations between CO 2 and the vertical δ 13 C gradient would be improved by age model shifts ( Table 2 ). The correlation between CO 2 is maximized when ∆δ (Table 2) , both of which are within the age uncertainty of the sediment core age models. Thus, changes in atmospheric CO 2 and vertical δ 13 C gradients appear synchronous to within age model uncertainty.
The prevailing processes that potentially explain atmospheric CO 2 change during glacial cycles include the efficiency of the biological pump (Martínez-Garcia et al., 2009; Galbraith and Jaccard, 2015) , circulation changes (Ferrari et al., 2014; Lacerra 25 et al., 2017; Menviel et al., 2017; Sikes et al., 2017; Wagner and Hendy, 2017) , or a combination of these and/or other processes (Bauska et al., 2016; Skinner et al., 2017) . These processes could influence the carbon cycle on different timescales (Bauska et al., 2016; Kohfeld and Chase, 2017) and/or in different regions (e.g., (Gu et al., 2017) ), which could confound interpretations of which processes are responsible for atmospheric CO 2 change. However, because both productivity and circulation change would affect the vertical δ 13 C gradient while changing atmospheric CO 2 , we interpret our results as supporting the importance Table 2 . Correlation coefficients and p-values between pre-whitened records. We pre-whitened to account for autocorrelated time series and calculated p-values to account for reduced degrees of freedom for pre-whitened and/or time lagged correlations. To investigate possible leads/lags between records, we shift the atmospheric CO2 record in 100-year increments relative to the δ 13 C stacks. The atmospheric CO2 record is spliced from CO2 records from Monnin et al. (2004) at 8.9855 ka and Marcott et al. (2014) Figure A1 . 
